Abstract Lysostaphin digestion of peptidoglycan (PG) from Staphylococcus aureus resulted in chromosomal DNA fragmentation by released DNase, as directly visualized in situ on isolated nucleoids. Nevertheless, DNA digestion was partially prevented by previous incubation with antibiotics that inhibit PG synthesis. This inhibitory effect was much more remarkable with glycopeptides vancomycin and mainly teicoplanin than with beta-lactams cloxacillin and ceftazidime. Therefore, inhibition of PG chain elongation has a more significant inhibition of DNA degradation than inhibition of PG cross-linking, possibly due to a reduction in DNase storage at the cell wall.
Introduction
DNA fragmentation may be not only a consequence of physical or chemical mutagens but may also be produced by biological agents. Staphylococcus aureus is a preeminent pathogen responsible for a wide spectrum of human and veterinary infections, and a great concern exists with respect to resistant strains such us community-acquired methicillin-resistant S. aureus, due to their increasing prevalence and pathogenicity. Many virulence factors correspond to multiple exoenzymes that are tissuedestructive and promote bacterial dissemination; among them is an extracellular thermostable DNase that has been classically recognized as a characteristic feature of S. aureus. Two types of thermostable nucleases, encoded by nuc1 and nuc2 genes, coexist in S. aureus (Tang et al. 2008) .
Extracellular DNA may be degraded by the DNase, possibly as a means to promote biofilm dispersal and subsequent bacterial spreading (Ranjit et al. 2009 ). Moreover, staphylococcal nuclease may also digest the nuclear DNA scaffold associated with antimicrobial peptides, histones and cell-specific proteases that constitute the neutrophil extracellular traps, which forms a matrix to entrap and kill microorganisms, thus contributing to resistance against entrapment (Berenders et al. 2010) .
From the technical point of view, the detection of DNase secretion is a current test for identification of S. aureus in the microbiology laboratory. The DNase test has a sensitivity of 75 % and a specificity of 96-100 % (LagaceWiens et al. 2007; Kateete et al. 2010) .
Obviously, chromosomal DNA is not digested by the nuclease in the native living S. aureus. Nevertheless, the bacterial chromosome may be degraded when released outside (Ranjit et al. 2009 ). As a consequence, to obtain native DNA from S. aureus in the laboratory, DNA isolation should be performed under conditions of nuclease inactivation, usually using protein-denaturing detergents such us sodium dodecyl sulfate (SDS) and a calcium-chelating agent like ethylenediaminetetraacetic acid (EDTA).
Otherwise, the peptidoglycan (PG) must be removed to release the DNA. The PG or murein is the scaffold of the cell wall, consisting of a polymer formed by cross-linked chains of alternating subunits of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). Short stem peptides that are attached to NAM are cross-linked to stem peptides from nearby muropeptide strands. The PG chains of S. aureus are largely cross-linked, more than 90 % of the stem peptides being linked together by a pentaglycine cross-bridge (Labischinski and Maidhof 1994) . Lysostaphin is a zinc endopeptidase that is habitually employed to succeed cell wall digestion in S. aureus, since it cleaves specifically between the third and fourth glycine residues of the pentaglycine cross-bridge (Kumar 2008) .
We have recently developed a methodology that allows the simple and rapid assessment of the presence of fragmented DNA at the single-cell level in microorganisms (Fernández et al. 2008; Tamayo et al. 2009; Santiso et al. 2011) . Cells immersed in an inert microgel on a slide are lysed to remove the cell wall and membranes and are stained with a highly sensitive DNA fluorochrome to visualize the nucleoids under fluorescence microscopy. Using a lysing solution under pH conditions that do not denature DNA, DNA double-strand breaks (DSBs) are primarily detected. The nucleoids with fragmented DNA show a peripheral halo of diffused DNA fragments. The greater the fragmentation, the greater the number of DNA spots and the greater the halo. Moreover, the presence of DNA single-strand breaks (SSBs) may be somewhat inferred since they promote the unfolding of the loops of the nucleoids, due to the relaxation of DNA supercoiling; this being the basis for the classical expansion of halo test to detect DNA damage (e.g., Thomas and Thomas 1989) . When the lysis is performed under stronger alkaline conditions, in addition to DSBs, the detection of SSBs is enhanced since DNA is progressively denatured starting from the end of the breaks, constituting the long-standing unwinding assays to detect DNA damage (Ahnström 1988) . DNase is a very active enzyme that produces both breakage types, SSBs being far more frequent than DSBs. DNAdenaturing conditions may be excessive to detect the high levels of breakage typical of DNase, non-denaturing conditions being sensitive enough. Otherwise, denaturing conditions could be more adequate to detect low levels of DNA breakage that could not be so evident when using non-denaturing conditions.
In this study, we use the assay under non-DNA-denaturing and partially denaturing conditions. We have directly visualized in situ the fragmentation of the nucleoids from S. aureus after partial peptidoglycan (PG) hydrolysis with lysostaphin and evaluated the possible influence of different antibiotics that inhibit PG synthesis.
Materials and methods
A clinical S. aureus strain isolated in our laboratory was exponentially growing in Mueller-Hinton broth at 37°C, with aeration and shaking. Then, it was diluted to an OD 600 of 0.1 in Mueller-Hinton broth with or without lysostaphin 20 lg/ml and immediately enclosed in an agarose microgel on a slide (see below) and stained with SYBR Gold or processed with a lysing solution to determine DNA integrity.
Initial experiments assessed the influence of vancomycin on DNA fragmentation. To this purpose, the cultures were incubated with the antibiotic (32 lg/ml; MIC, 2 lg/ ml) for 1 h, previously to lysostaphin treatment. Cultures incubated with vancomycin only, were also processed. To inhibit DNase activity, cultures were treated with EDTA 25 mM, simultaneously added with lysostaphin.
The influence of different antibiotics that inhibit PG synthesis, beta-lactams and glycopeptides was evaluated. Cultures were incubated with cloxacillin 4 lg/ml (MIC, 1 lg/ml), ceftazidime 32 lg/ml (MIC, 24 lg/ml), vancomycin 16 lg/ml (MIC, 2 lg/ml) or teicoplanin 32 lg/ml (MIC, 2 lg/ml), 1 h before lysostaphin addition. The S. aureus strain was susceptible to all these antibiotics except ceftazidime, which was intermediate, as demonstrated by the e-test. The doses were chosen because they corresponded to the CLSI breakpoint concentrations of resistance. Moreover, the strain was also incubated at twice and 16 times higher the MIC from each antibiotic.
To generalize the results, four new S. aureus strains were also digested with lysostaphin without and with previous incubation with the different antibiotics. As a control of the influence of DNase on DNA integrity, three clinical strains of S. epidermidis, DNase negative, were also incubated with lysostaphin. As a control for the specific influence of antibiotics that affect PG synthesis, S. aureus was incubated with doxycycline 4 lg/ml (MIC, B0.25 lg/ml) or with trimethoprim-sulfamethoxazole 4/76 lg/ml (MIC, 2/38 lg/ml), for 1 h before lysostaphin. Furthermore, a dose-response of the effect of cloxacillin (doses ranging from 0 to 14 lg/ml) previously to lysostaphin was performed comparing a susceptible S. aureus strain (MIC, 0.25 lg/ml) and a resistant strain (MIC, 8 lg/ml).
DNA fragmentation was determined using the Micromax Ò kit (Halotech DNA SL, Madrid, Spain), as previously described (Tamayo et al. 2009 ). At the lysing step, alkaline DNA-denaturing lysing solution (pH 12) and non-DNA-denaturing lysing solution (pH 10) were both employed at room temperature (22°C). The nucleoids stained with SYBR Gold (Molecular Probes, Eugene, OR, USA) were visualized under fluorescence microscopy. Different progressive categories of DNA fragmentation were determined following procedures documented in Tamayo et al. (2009) , according to the width of the diffusion zone of DNA fragments from the nucleoid, that is, grade 0, undamaged; grade I, low level of damage; grade II, intermediate damage; grade III, high level of damage; and grade IV, massive fragmentation. Due to the extreme activity of DNase, two more levels were incorporated: grade V, which was similar to IV but which demonstrated more spreading of DNA fragments and less compact fragmented nucleoid in the area immediately adjacent around the core than the former. Grade VI was defined when the DNA fragments were spread all over the slide, without recognition of any central core.
In the experiments of the incubation with the different antibiotics and dose-response to cloxacillin, 450 nucleoids per experimental point were categorized following the previous criteria. Each experiment was repeated three times, obtaining similar results. All data were analyzed using the IBM SPSS Statistics 19 software package for Windows (IBM, US). Pearson 0 s chi-square test was performed to assess whether the antibiotic treatment affected the different grades of DNA fragmentation after lysostaphin and to evaluate whether the cloxacillin dose modified the DNA fragmentation after lysostaphin in a susceptible and a resistant strain. Significance was defined as p \ 0.05.
Results
Staphylococcus aureus incubated with lysostaphin, enclosed in the microgel and stained with SYBR Gold, appeared of larger size than untreated cells (compare Fig. 1a, c) . Vancomycin treatment alone did not result in significant modification of the appearance of the bacteria (compare Fig. 1a, b) . Nevertheless, if the bacteria were incubated with vancomycin previously to lysostaphin, their appearance was close to that after lysostaphin alone, but with larger size (Fig. 1d) .
Afterward, the bacteria enclosed in the microgel were incubated in a DNA non-denaturing lysing solution to remove the cell wall and membranes and release the DNA. In this case, vancomycin-treated cells showed intact nucleoids (Fig. 1e) . This same result was also obtained when incubating with a DNA-denaturing solution. However, when the lysostaphin-digested cells were incubated with the non-DNA-denaturing lysing solution, the isolated nucleoids showed to be massively fragmented, with extensive spreading of DNA fragments, that is, grade V (Fig. 1f) . DNA fragmentation was very fast, since lysostaphin was only acting 10 min, 5 min at room temperature and 5 min at 4°C, that is, the time to include the cells in the microgel before immersion in the lysing solution. To inhibit DNase, EDTA was added jointly with lysostaphin, so the nucleoids obtained after lysing did not appear fragmented (Fig. 1g) . Incubation with a DNA-denaturing lysing solution produced the same result, demonstrating that DNA fragmentation was consequence of DNase activity. Surprisingly, incubation with vancomycin before lysostaphin digestion also strongly prevented the massive DNA fragmentation, although not totally since the nucleoids still showed some DNA fragments (grades I-II) and were expanded due to DNA single-strand breaks that relax DNA supercoiling (Fig. 1h) .
After the results of the initial experiments, the influence of different antibiotics that inhibit PG synthesis, beta-lactams and glycopeptides was evaluated. To this purpose, the S. aureus strain was incubated with the CLSI breakpoint concentrations of resistance to cloxacillin, ceftazidime, vancomycin and teicoplanin, before lysostaphin treatment (Figs. 2, 3) . When the lysostaphin-digested cells were incubated with the non-DNA-denaturing lysing solution, the isolated nucleoids were massively fragmented, with extensive spreading of DNA fragments, that is, grade V (Fig. 2a) . After the lysis with the stronger denaturing DNA solution, DNA spots were dispersed all over the microgel, many being lost from the residual bacterial core from where the fragments had initially migrated (grade VI) (Fig. 2a') . Cloxacillin and ceftazidime clearly decreased DNA fragmentation (Fig. 2b,b', c,c') , from grade V to IV after non-DNA-denaturing lysing solution and from VI to V when using the DNA-denaturing solution. Nevertheless, this protective effect was much stronger with vancomycin and specially remarkable with teicoplanin (Fig. 2d,d ', e,e'), where grade 0 predominated after non-DNA-denaturing lysis, but many of these nucleoids still showed DNA breaks as evidenced by their increased size due to relaxation of DNA supercoiling, and the high incidence of grade I damage observed with the DNA-denaturing lysing solution.
Concentrations of the antibiotics employed in the previous experiment were 4-fold higher than the minimum inhibitory concentration (MIC) for cloxacillin, 1.3 times higher than the MIC of ceftazidime and 8 and 16 times higher than the MIC from vancomycin and teicoplanin, respectively. To distinguish whether the protective effect against DNA fragmentation was dependent on the nature of the antibiotic (beta-lactam vs. glycopeptide) or due to relative dose, the S. aureus strain was incubated with twice and 16 times the MIC for each antibiotic before lysostaphin treatment (Fig. 3) . All the antibiotics resulted in a general Arch Microbiol (2012) 194:967-975 969 decrease in DNA fragmentation (Pearson 0 s chi-square test, p \ 0.05). Whereas cloxacillin and ceftazidime were poor preventers of DNA fragmentation (without differences between them, p [ 0.1), glycopeptides being more effective (i.e. teicoplanin showed higher protection than vancomycin, p \ 0.05). The level of the preserving effect against DNase digestion of the nucleoid was essentially independent of the concentrations assayed: There were no differences between high doses of cloxacillin (p [ 0.8) or ceftazidime (p = 1), nor between vancomycin (p [ 0.9) and teicoplanin treatments (p [ 0.5). This result was reproducible in all the five clinical strains of S. aureus assayed. Overall, glycopeptides and mainly teicoplanin were more effective to prevent DNA fragmentation than beta-lactams.
The lysostaphin digestion of four more clinical strains of S. aureus also resulted in massive DNA breakage that was reduced by previous incubation with glycopeptides (Fig. 4  a,b ), but this was not found in three clinical strains of Staphylococcus epidermidis, DNase negative (Fig. 4 c,d) , showing that DNA fragmentation was due to DNase, as suggested when using EDTA. Moreover, when susceptible S. aureus was incubated with doxycycline or with trimethoprim-sulfamethoxazole before lysostaphin, these Fig. 1 Staphylococcus aureus exponentially growing, incubated with lysostaphin (20 lg/ml), included in microgel on a slide and stained with SYBR Gold. a Control without any treatment. b Incubated with vancomycin (32 lg/ml). c Incubated with lysostaphin. d Incubated with vancomycin previously to the enzymatic treatment with lysostaphin. e Incubated with vancomycin followed by lysis with a non-DNA-denaturing solution. f Treated with lysostaphin and incubated with a non-DNA-denaturing lysing solution in microgel. g Treated with EDTA 25 Mm, simultaneously with lysostaphin and then lysed in the microgel. h Incubated with vancomycin followed by lysostaphin, and the lysing solution in microgel. After peptidoglycan hydrolysis by lysostaphin, the lysing solution evidences that chromosomal DNA is massively fragmented (grade V) (f). DNA fragmentation is reduced by EDTA (g) and if peptidoglycan biosynthesis is previously inhibited by vancomycin (grade I) (h). In this later case, nucleoids also appear more relaxed due to DNA singlestrand breaks. Bar 3 lm Fig. 2 Nucleoids obtained from S. aureus treated with lysostaphin (20 lg/ml), included in microgel on a slide and lysed with non-DNAdenaturing solution (left: a-e) or at partially DNA-denaturing conditions (right: a'-e'). a-a': only lysostaphin digested. b-b': incubated with cloxacillin (4 lg/ml), previously to lysostaphin. c-c': incubated with ceftazidime (32 lg/ml), previously to lysostaphin. d-d': incubated with vancomycin (16 lg/ml), previously to lysostaphin. e-e': incubated with teicoplanin (32 lg/ml), previously to lysostaphin. Levels of DNA damage (G0 to GVI) are indicated. Bar 3 lm antibiotics did not preclude the DNA fragmentation by DNase (Fig. 4 e,f) . The tetracycline doxycycline binds to the 30S ribosomal subunit inhibiting protein synthesis, whereas the trimethoprim-sulfamethoxazole combination inhibits the folate synthesis, thus affecting the synthesis of thymidine and uridine. These antibiotics do not affect cell wall targets, so the experiment evidences the specific necessity of the inhibition of the PG synthesis to prevent the DNase effect on the nucleoid. Furthermore, a doseresponse of the protective effect of cloxacillin on DNA fragmentation after lysostaphin was performed in a susceptible (MIC, 0.25 lg/ml) and a resistant (MIC, 8 lg/ ml) strain of S. aureus (Fig. 5) . It was necessary to reach the MIC in both strains to detect a partial protection, so a dose of 4 lg/ml, partly protective in the susceptible strain, was totally ineffective in the resistant strain (Fig. 4 g,h;  Fig. 5 ). Furthermore, the protection level was even more constrained in the resistant strain. We also performed a Pearson 0 s chi-square test to assess whether the cloxacillin dose affected the DNA fragmentation after the treatment with the enzyme. For both strains, no statistically significant differences were found below or above the MIC (p [ 0.9). Using the strong DNA-denaturing lysis that mainly detects SSBs, the MIC dose of cloxacillin resulted in a decrease in the grade of DNA breakage from VI to V in all the nucleoids from the susceptible strain (p \ 0.001), but this only occurred in 10 % of the nucleoids from the resistant strain (p \ 0.05). When detecting DSBs using the less strong non-DNA-denaturing lysis, the MIC dose resulted in a decrease from grade V to IV in the susceptible strain (p \ 0.001), whereas this happened only in 30 % of the nucleoids from the resistant strain (p \ 0.05). This experiment confirmed the requisite of reaching an effective PG synthesis inhibition to decrease the DNase activity.
Discussion
Early studies have shown that cell-bound nuclease from S. aureus is associated with the cell wall membrane fraction of mechanically disrupted cells and that it was released into the medium after enzymatic cell wall digestion (Okabayashi and Mizuno 1974) so that the PG of S. aureus thereby stores the DNase that will be secreted into the medium. Otherwise, examination under atomic force microscope of S. aureus incubated with 16 lg/ml lysostaphin, a concentration close to that used in our experiments, revealed an increase in cell volume by swelling and nanoscale perforations in the cell wall. These microperforations enlarged with incubation time until they merged together to form larger perforations (Francius et al. 2008) . It is important to remark that the cell wall was never found to be completely digested even after 260 min. The shortest time of examination was 80 min, much longer than the incubation time from our experiments, where lysostaphin was only acting for 10 min, 5 min at room temperature and 5 min at 4°C, that is, the time to include the cells in the microgel before immersion in the lysing solution. Under our experimental conditions, lysostaphin should only create nanoscale perforations in the cell wall, that is, most of the cell wall remains. This damage is enough to allow for osmotic swelling and DNase liberation from the cell wall that breaks chromosomal DNA. The nucleoid could be digested inside the cell or outside, in case of being released. However, if DNA is free outside the cell and then fragmented by Fig. 3 Distribution of the levels of DNA damage (G0 to GVI) observed in nucleoids from S. aureus isolated using non-DNAdenaturing (above) or DNA-denaturing (below) lysing solutions, after lysostaphin treatment. Before lysostaphin addition, cultures were incubated with the CLSI breakpoint concentrations of resistance and twice and 16 times higher the MIC of the beta-lactams cloxacillin (CLOX) and ceftazidime (TZ), and the glycopeptides vancomycin (VA) and teicoplanin (TEICO). Doses are indicated into brackets DNase, a background of extracellular DNA fragments should be detected after lysostaphin treatment (Santiso et al. 2011) . But no DNA fragments are visualized outside the cell (Fig. 1c) . So after lysostaphin treatment, the nucleoid is maintained inside the cell. In fact, it is necessary to use a lysing solution to remove the cell wall and the plasmatic membrane to visualize the nucleoids.
The lysing solution contains SDS and EDTA that inhibit DNase activity. Therefore, DNase cannot act during incubation with the lysing solution, that is, during and after releasing of the nucleoids from the cells. If the nucleoid appears fragmented after incubation with the lysing solution, DNA fragmentation should occur after lysostaphin treatment and before immersion in the lysing solution, and lysostaphin. e and f S. aureus susceptible to doxycycline. e Lysostaphin treated. f doxycycline before lysostaphin. g and h S. aureus resistant to cloxacillin (MIC, 8 lg/ml). g Lysostaphin treated.
h Cloxacillin (4 lg/ml) before lysostaphin. Bar 6 lm Arch Microbiol (2012) 194:967-975 973 within this period of time, the nucleoid remained inside the cell. In conclusion, DNA was fragmented inside the cell by DNase that crossed a more permeable plasmatic membrane. Therefore, after lysostaphin digestion of the PG, DNase stored in the cell wall was released not only outside but also inside the cytoplasm, so the nucleoid was digested. It is possible that osmotic stress could make permeable the cytoplasmic membrane to the DNase. This result suggests that the killing effect of lysostaphin on S. aureus could not only be dependent on cell wall damage but enhanced by the autohydrolysis of the chromosomal DNA by the own released DNase. In fact, lysostaphin is more effective at killing S. aureus than the DNase-negative S. epidermidis, the latter needing higher concentrations of the enzyme than the former (Kiri et al. 2002; Wu et al. 2003) . Moreover, lysostaphin disrupts the biofilms formed by S. aureus and S. epidermidis, also being more effective in S. aureus (Wu et al. 2003) . Extracellular DNA is a recognized component of the biofilm matrix, with a significant role in maintaining intercellular adhesion and biofilm stability (Bayles 2007) . Besides the lysis and detachment of cells, extracellular DNA digestion by DNase released by lysostaphin could contribute to biofilm disruption in the case of S. aureus. Biofilms from S. epidermidis should not be as effectively removed due to the absence of DNase. Initial liberation of nuclease and possibly other tissuedamaging exoenzymes should be taken into account when assessing the antistaphylococcal clinical use of lysostaphin.
Our results show that inhibition of PG synthesis by antibiotics decreased the DNase activity observed after lysostaphin digestion. Interestingly, the level of DNA protection was found to be dependent on the mechanism of inhibition of PG synthesis. Beta-lactams cloxacillin and ceftazidime affect PG synthesis through inhibition of Fig. 5 Distribution of the levels of DNA damage (G0 to GVI) after increasing doses of cloxacillin previously to lysostaphin treatment, observed in nucleoids from S. aureus isolated using non-DNAdenaturing (above) or DNA-denaturing (below) lysing solutions. Left strain susceptible to cloxacillin (MIC, 0.25 lg/ml). Right strain resistant to cloxacillin (MIC, 8 lg/ml) transpeptidase activity of penicillin-binding proteins (PBPs) by mimicking the D-alanyl-D-alanine end of the stem peptide (Ghuysen 1991 ). This activity cross-links the muropeptide chains together via the polyglycine bridge that imparts rigidity to the cell wall. Otherwise, glycopeptides teicoplanin and vancomycin interact with the C-terminal D-alanyl-D-alanine moieties of the pentapeptide attached to the NAM in the PG layer of the cell wall. It impedes linkage of preformed NAG/NAM-pentapeptide subunits to the lipid II carrier in the cell membrane, blocking transport of the precursor to the site of cell wall growth and sterically hindering polymerization by transglycosylation of the growing peptidoglycan chain. The subsequent transpeptidation reaction is also inhibited (Kahne et al. 2005) .
Overall, inhibition of PG chain elongation by glycopeptides of S. aureus resulted in a more remarkable reduction in DNase activity after lysostaphin treatment than obtained by inhibition of PG cross-linking by betalactams. Since the cell wall from S. aureus is the storage of DNase, it is proposed that the pentaglycine hydrolysis by lysostaphin could release the nuclease that breaks its own DNA. Suppression of PG elongation would decrease the DNase storage more efficiently than inhibition of PG cross-link, so lysostaphin digestion of residual target would release only little DNase. Among glycopeptides, teicoplanin was even more effective than vancomycin in decreasing DNase activity. This could be due to a stronger binding affinity than vancomycin for D-alanyl-D-alanine moieties. Whereas vancomycin is free in the PG layers, teicoplanin may anchor to the membrane due to a lateral fatty acid acyl chain, rendering the binding of the antibiotic to the peptidyl-D-alanyl-D-alanine component of a growing cell wall effectively intramolecular (Beauregard et al. 1995) . It may be speculated that glycopeptide antibiotics might not only decrease the DNase content within the cell wall but also of other harmful exoenzymes. This would need to be confirmed by measuring the levels of the different exoenzymes before and after antibiotic treatment. If so, an effective antibiotic therapy of S. aureus infection by glycopeptides could affect not only cell wall synthesis but also virulence due to the reduction in tissue-destructive exoenzymes that promote bacterial dissemination.
